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INTRODUCTION 
The fracture and failure of fiber-reinforced composites are known to be strongly 
influenced by the properties of the fiber-matrix interface zone. Since these properties 
may be altered during processing, or may suffer degradation during service, the 
quality control of interface zones through nondestructive evaluation techniques is 
highly desirable. The overall properties of fiber-reinforced composites are related to 
their microstructure. In particular, the velocity of the average waves that can be 
transmitted in these materials depends on the elastic moduli and the densities of the 
constituents as well as the properties of the fiber-matrix interface. Thus, the interface 
conditions can, in principle, be determined from the measurement and analysis of 
wavespeeds in these materials. However, in practice, this is not a straightforward 
exercise due to the fact that the relationship between the overall and microstructural 
properties of a composite are in general nonlinear and thus may lead to an 
amplification of measurement errors. It is nevertheless extremely important to 
develop the capability to monitor the integrity of the fiber-matrix interface, especially 
in high temperature applications where the composites must operate in harsh 
environments. 
In order to develop a reliable NDE procedure for the characterization of 
interface degradation, it is necessary to determine the precise relationship between the 
velocity of the coherent waves that can be transmitteed in the composite and the 
relevant properties of the interface, e.g., its thickness, elastic moduli and density 
through theoretical modeling. This in tum requires the solution of a mUltiple 
scattering problem in a model of the composite containing a random spatial 
distribution of the fibers and retaining the relevant features of the interface. The 
problem of the propagation of waves from a random distribution of scatterers has 
been studied in the literature for over three decades [1-4]. Multiple scattering gives 
rise to a frequency dependent velocity and attenuation of the coherent waves. The 
overall dynamic response of the medium may be conveniently modeled by means of 
the complex wavenumber, (k), describing coherent wave propagation in an equivalent 
homogeneous material (Fig. 1). 
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In most multiple scattering problems involving fiber reinforced composites, the 
fibers are considered to be homogeneous. In a recent paper [5], each fiber was 
assumed to be composed of N concentric cylindrical layers of homogeneous isotropic 
or transversely isotropic materials. A homogenization technique developed in [6] 
which combines the Generalized Self Consistent Model (GSCM) [7] and a statistical 
averaging procedure [2] was used to relate the phase velocity and attenuation of the 
average waves propagating through the composite. 
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Fig. 1. Schematic diagram of the effective homogeneous model. 
The theoretical technique developed in [5] is used in this paper to determine the 
influence of fiber-matrix interfacial properties on the wave characteristics in a metal 
matrix composite. The results show that changes in the thickness and density of the 
interface have no significant effect on the phase velocity of the average waves but the 
shear modulus has a stronger influence. Both thin-layer and spring models of the 
interface are used to extract the interface parameters and the results are compared 
with experimental data for SiC/Ti composites. The accuracy and stability of the 
inversion process are discussed. 
THEORY 
As indicated in the introduction, a theory of wave propagation in a composite 
consisting of unidirectional multilayered cylindrical fibers has been developed in [5]. 
The theoretical formulation consists of two parts. In the first part the "solution" of 
the elastodynamic boundary value problem for the GSCM sketched in Fig. 2 is 
obtained. In the GSCM the multilayered fiber is surrounded by a layer of the matrix 
material and this augmented fiber is embedded in an unbounded homogeneous 
material whose properties are the same as those of the effective medium. The outer 
matrix layer occupies the annulus, 'N = a < , < 'N+1> where a is the radius of the 
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Fiber with N coatings 
Fig. 2. The GSCM with fiber containing N concentric layers. 
fiber, including the interface, 
a (I) 
and c is the fiber volume fraction. The model approximately incorporates the effect 
of fiber microstructure in the near field and of fiber distribution in the far field of 
each fiber. 
The solution consists of the stress, strain and displacement field expressed in 
terms of the frequency w, the material constants of the individual layers as well as the 
unknown effective wavenumbers < h > IT> < k > IT and < k > LT corresponding to P, SV 
and SH waves, respectively, where the subscripts L and T refer to the longitudinal and 
transverse directions relative to the fibers. 
In the second part, a multiple scattering problem is solved in which the 
inhomegeous fibers surrounded by the matrix layer are randomly distributed within 
the effective medium. This results in the formulas 
(2) 
(3) 
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(4) 
for the three unknown effective wavenumbers, < h > IT> < k > IT and < k > LT. The 
forward scattering amplitudef(O) and the backward scattering amplitudef(1r) are given 
in [5]; they are functions of the frequency w, the material properties of the 
constituents of the composite as well as the three effective wavenumbers. 
Equations(2)-(4) can be solved by using the iterative numerical scheme described in 
[5] and [6]. The details are omitted for the sake of brevity. 
PARAMETER STUDY 
The material used for the computations is a titanium aluminide matrix composite 
reinforced with coated silicon carbide fibers. The fiber volume fraction of the 
composite is 35 percent and the diameter of the silicon carbide fiber is 140 Ilm. The 
constituent material properties given in Table 1 are taken from Benveniste et at [8]. 
We assume that the interfaces between the fiber interphase and the matrix are 
perfect, i.e., the tractions and displacements are continuous across them. For a 
composite with imperfect interfaces, the analysis is similar except that the parameters 
of the interface need to be known in order to calculate the effective properties of the 
composites. 
Let (CIT), (cn ) and (C2L) denote the phase velocities of the average P, SV and SH 
waves at low frequencies. These three phase velocities for a silicon carbide-titanium 
composite with an interfacial carbon coating are listed in Table 2. Also shownin this 
table are the wave speeds in a composite with interface properties (density, thickness 
and shear modulus) reduced or increased by 20%. From the results, we can conclude 
that the thickness and density have no significant effect on the phase velocity while 
the shear modulus has a more significant influence. 
INVERSE DETERMINATION OF THE INTERFACE PROPERTIES 
The numerical calculation of the effective constants of a coated fiber composite 
is straightforward when the interface properties and the elastic constants of the fibers 
and the matrix are all known. The problem becomes more complicated, however, 
when it becomes necessary to determine the interphase properties for given properties 
of the fibers and the matrix and the overall properties of the composite. 
Two interface models are employed here. In the first model the interface is 
considered to be a thin layer between the fiber and the matrix, with material 
properties different from those of both. The second model is the displacement-jump 
model containing two spring parameters K, and Ke to account for an imperfect 
interface. The inverse method to calculate the interface elastic moduli kl' III for a 
thin-layer model or K" Ke for the spring model is carried out through the solution of 
the nonlinear Equations (2) and (3) using the simplex method. The material 
properties of the constituents and the overall properties of the composites are given in 
Gosz and Achenbach [9] and Chu and Rokhlin [10]. The estimated interface 
properties kl' III or K" Ke, for the four specimens are given in Table 3 for the thin 
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layer model and in Table 4 for the spring model. In Table 4, the iterative finite 
element results obtained by Gosz and Achenbach [9] are also compared with those of 
the GSCM method. 
Table 1. Properties of the constituents of a composite with coated fibers. 
p(g/cml) E (GPa) iJ. (GPa) 
SiC fiber 3.18 431.0 172.0 
Titanium matrix 4.54 96.5 37.1 
Carbon coating 1.41 34.48 14.34 
Table 2. Low frequency limits of the effective phase velocity for different properties. 
clm and clm are the P and S wave speeds in the matrix. 
Normalized Interphase Thickness 
Wave Speed 0.8 h h 1.2 h 
<C lT >/C lm 1.205 1.192 1.179 
(1.09%) (1.09%) 
< C2T > /C2m 1.255 1.246 1.238 
(0.72%) (0.64%) 
< C2L> /C2m 1.284 1.276 1.267 
(0.63%) (0.71%) 
Normalized Interphase Density 
Wave Speed 0.8 PI PI 1.2 PI 
<ClT >/Clm 1.195 1.192 1.188 
(0.25%) (0.36%) 
< C2T > /C2m 1.250 1.246 1.243 
(0.32%) (0.24%) 
<~L>/C2m 1.279 1.276 1.272 
(0.24%) (0.31 %) 
Normalized Interphase Shear Modulus 
Wave Speed 0.8 iJ.I iJ.I 1.2 iJ.I 
<ClT >/C lm 1.168 1.192 1.211 
(2.01 %) (1.60%) 
<c2T >/c2m 1.219 1.246 1.267 
(2.17%) (1.69%) 
< C2L > /c2m 1.245 1.276 1.298 
(2.43%) I (1.72%) 
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Table 3. Elastic properties of interface layer from simplex inversion. 
Sample kI (GPa) P.I (GPa) 
745 5.961 1.841 
745c 0.179 0.683 
438b 5.534 0.419 
442-3 3.544 0.308 
Table 4. Comparison of the interface spring parameters obtained by GSCM method 
and the finite element method of Gosz and Achenbach [11]. 
K r (GPa p.m·I) K 9 (GPa p.m·I) 
Sample 
Finite Element GSCM Finite Element GSCM 
745 2.712 2.711 (0.04%) 0.535 0.555 (3.7%) 
745c 0.195 0.202 (3.6%) 0.203 0.254 (25%) 
438b 2.090 1.933 (7.6%) 0.013 0.014 
442-3 1.430 1.298 (9.2%) 0.026 0.025 (3.8%) 
When the fiber-matrix interface is very thin compared with the radius of the 
fiber, the relations between the interfacial spring parameters and the interface 
properties are: 
III 
h 
(5) 
where h is the interface layer thickness. Using the above relations we can easily 
calculate the spring parameters whenever the interface elastic constants are found and 
vice versa. Table 5 shows that the spring parameters Kr and Ke calculated from k; 
and P.i in Table 3 are close to the results obtained from the displacement-jump model 
as shown in Table 4. It is noted that if h = 0.1 p.m, then Kr = 2.707, Ke = 0.557 
for specimen #745, and this result is almost the same as that in Table 4. 
Table 5. Kr and Ke calculated from kI and P.I (h = 3 p.m). 
Sample Kr (GPa p.m· I ) Ke (GPa p.m· l ) 
745 2.601 0.614 
745c 0.287 0.227 
438b 1.984 0.1340 
442-3 1.2842 0.10277 
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Stability of the Inversion 
It is desirable to study the stability of the inverse technique by calculating the 
corresponding errors in the interface properties due to errors in the measured overall 
properties. The inverse technque for determining the unknown interface properties 
produced a significant change in the overall properties. The results of a typical 
calculation for specimen #745 are shown in Fig. 3. As can be seen, small errors in 
the overall constants result in large errors in interface properties. Thus, the 
determination of the interface properties depends significantly on the accuracy of 
measurement of the overall elastic constants. 
CONCLUSIONS 
A generalized self consistent model and multiple scattering formulation have 
been used to calculate the overall phase velocity and attenuation of elastic waves in a 
composite containing multiple-coated fibers. Both the explicit layer model and the 
spring model have been considered for the interface. The feasibility of characterizing 
fiber matrix interface degradation from measured wave speeds in composite specimens 
has been investigated in detail. The effects of interface degradation on both the 
velocity and attenuation of the average waves have been found to be small. A 20% 
reduction in shear modulus of the interface results in less than 5 % change in the 
phase velocity at all frequencies; this is well within the error bands in conventional 
measurements as well as in the other parameters of the system. Even at 80% 
degrajation, the change in the phase velocity is less than 20%. The lack of 
sensi.ivity presents a significant challenge to the accurate determination of interface 
degradation by nondestructive methods. A reliable NDE of interface degradation will 
require very accurate measurement techniques. 
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Fig. 3. Stability of the inversion technique to determine interface properties. 
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